The antithrombotic activity of dipyridamole was initially discovered in an in vivo experiment about half a century ago. At that time science had not appreciated the complexity of the regulation of local thrombus formation. Inhibition of platelets has been the main focus for the prevention of arterial thrombus formation. Unfortunately, established in vitro test systems have to take away several important components of the hemostatic system. Rather than directly inhibiting platelet aggregation, dipyridamole amplifies endogenous antithrombotic systems and modulates or downregulates prothrombotic processes. While for many years the main focus had been on preventing acute thrombus formation in the case of a rupture of an atherosclerotic plaque in large coronary arteries, it now has been appreciated that perfusion of tissue and patency of small vessels and capillaries is equally important for preventing further damage to the tissue. Here dipyridamole was experimentally shown to improve perfusion and function in chronic hypoperfused tissue unrelated to its vasodilatory properties. Recently, several clinical trials have shown the benefit of dipyridamole when given in a formulation that assures a sufficient plasma concentration. Its potential to scavenge particularly peroxy radicals, its direct reduction of innate inflammation, and a chronic elevation of interstitial adenosine seems to be of more importance for the prevention of vascular and tissue damage than its adenosine-and prostacyclin-mediated antithrombotic effect. In its extended-release preparation with the tartaric acid nucleus, not only does it not seem to add significantly to the risk of bleeding, but seems to hold potential for protecting tissue from oxidative and metabolic stress. Preventing thrombosis and thromboembolic complications as well as maintaining tissue viability without the risk of major bleeding has still not been satisfactory addressed despite many decades of research. Most approaches and innovations have been driven by the concept that prevention of thrombosis is best served by increasing the strength of inhibition of platelets. In fact, modern reversible and particularly irreversible inhibitors of receptors triggering platelet activation have proven to block platelet activation and aggregation much more powerfully than earlier approaches such as acetylsalicylic acid (ASA).
The more powerful inhibition of platelet aggregation as tested in vitro by turbidimetry has also translated into stronger platelet inhibition in patients, particularly whenever different modes of inhibition were applied simultaneously. Stronger inhibition of platelets allowed controlling hyperactivation of the thrombotic system caused, for example, by the exposure of foreign material within the blood stream. This allowed the development of today's modern intravascular interventional treatment and in particular the placement of a metal stent to keep stenosed vessel lumen open.
While powerful platelet inhibition seems to be acceptable for a short period of time in patients following cardiovascular intervention, its long-term or chronic use, however, exposes the downside of high-strength platelet inhibition: a significant increase in the risk of bleeding complications -the most feared of which are intracranial bleeds and hemorrhagic strokes. In stroke prevention trials, no or only marginal improvement over conventional treatment with ASA has been shown by treatment with more modern or potent inhibitors of platelets [1] [2] [3] . This confirms that platelet inhibition is of benefit, but there seems to be significant differences in the risk of bleeding in different clinical settings, particularly when comparing chronic platelet inhibition for the prevention of thromboembolic complications in the coronary circulation with that of the cerebrovascular circulation.
In chronic preventive settings, even high doses of ASA as used in the past (as high as 1 g or more per day) have had no additional benefit over doses as low as 150 mg/ day or even 81 mg/day, which is currently recommended despite not being independently tested in a clinical trial.
Focusing on potent inhibition of platelets, however, obscured the view of other major players controlling the formation of a thrombus in vivo for quite some time. The endothelial lining of blood vessels and other cellular and noncellular components of the vessel wall were only discovered later as being of critical importance for formation and even prevention of thrombus formation. Endothelial cells, smooth muscle cells, and different compositions of the subendothelial matrix are important modulators not only of platelet activation but also of the interaction with the clotting system. Endothelial cells convert endoperoxides into prostacyclin rather that prothrombotic thromboxane A 2 . At higher ASA doses, the blockade of prostacyclin synthesis becomes clinically important, particularly when blockade is prolonged over time. This supports the importance of the vascular wall on formation or prevention of thrombosis. It also opens new opportunities to pharmacologically modulate the proor antithrombotic properties of the vessel wall.
Here is where the discovery of antithrombotic properties of dipyridamole was made. Mitchell [4] observed in vivo (particularly intracerebral arteries investigated for other reasons) that dipyridamole treatment resulted in the prevention of thrombus formation. This finding was further investigated in vitro, but direct inhibition of platelet aggregation was only seen in supratherapeutic concentration. It was also established, that dipyridamole blocked the reuptake of adenosine into cells, which led to increased adenosine concentration in blood [5, 6] . However, by preparing platelet-rich plasma for turbidimetric analysis of platelet function, elevated adenosine concentration is lost and only later when tested in the presence of red blood cells does the inhibition of platelet activation by adenosine become apparent [7] . Earlier, this led many to believe that dipyridamole is only -if at all -a very weak inhibitor of thrombosis [8] . Later it was shown that dipyridamole's amplification of endogenous antithrombotic mechanisms adds well to the direct inhibition of platelet function by low-dose ASA [9] .
Antithrombotic Rather than Antiplatelet Activity by Dipyridamole
While platelet function can be tested in a purified in vitro system using platelet-rich plasma, the antithrombotic function of cells lining the vessel wall can either be studied in vivo or in flow chambers recreating the interaction of whole blood with the elements of the vessel wall, i.e. endothelial lining on top of subendothelial matrix. Such a system then allows for differential treatment of the different elements contributing (endothelial cells, smooth muscle cells, subendothelial matrix, red blood cells, white blood cells, and platelets) and a quantification of its effect on thrombus formation. A test system employing endothelial cells as well as subendothelial matrix was used in an ex vivo setting to investigate dipyridamole and ASA. The treatment regimen was similar to the ESPS-2 trial. This test system was able to show very similar results as found later in the ESPS-2 trial [10, 11] . The complexity of such in vitro test systems limits its widespread use; consequently, the notion that platelet inhibition represents only a small segment of the spectrum of antithrombotic treatment is not broadly accepted. Instead, a number of different platelet tests have been developed; these are broadly used despite failing to prove predictive value for individual patient management.
The Importance of Sufficient Plasma Concentration
A more subtle modulation of prothrombotic pathways by amplifying endogenous antithrombotic mechanisms offers the opportunity to provide antithrombotic protection on a more local basis rather than shifting the balance systematically and increasing the risk of not being able to control bleeding where it is needed.
In addition to the more refined array of antithrombotic mechanisms dipyridamole addresses, its reversible activity at the many targets requires continuous and sufficient blood levels for its activities. This is in contrast to most of the commonly used pharmacological platelet inhibitors which use irreversible blockade of receptors, such as the adenosine diphosphate receptor by the thiopyridines, or irreversible blockade of cyclooxygenase by ASA.
In today's therapeutic environment, not only has individual response to drug treatment and inherent metabolic differences leading to less potent inhibition of platelet function become an issue, but drug-drug or drug-food interaction have again come into focus as a limitation for drug treatment.
Absorption, in particular, is often dependent on sufficient acidity of the stomach. Both in elderly patients and with increased use of stomach acid suppressants such as proton pump inhibitors, the pH in the stomach may no longer allow sufficient absorption of the drug. This is also a problem for dipyridamole and, based on current knowledge, has most likely influenced older studies using an instant-release formulation. This problem had been identified and a particular formulation carrying a tartaric acid nucleus in order to provide the necessary low pH for absorption even in the presence of proton pump inhibitors has been developed [12] .
Protecting Tissue -Pleiotropic Effects
Dipyridamole predominantly blocks phosphodiesterase (PDE) 5 rather than PDE3. The latter results in direct inhibition of platelet function, whereas the inhibition of PDE5 results in amplifying the nitric oxide (NO) pathway, i.e. even under reduced NO availability, inhibition of PDE5 reduces the decay of cGMP, thus showing additive effects to therapies resulting in NO increase ( fig. 1 ). Other medications known to increase NO, such as statin treatment, have been shown to be additive to dipyridamole when it comes to reduction of ischemic damage such as in experimental myocardial infarction or stroke [13, 14] .
Dipyridamole is a potent blocker of the nucleotide transporter which results in the inhibition of adenosine reuptake into cells. This increases the level of circulating adenosine in plasma, but more so in the intracellular space. Adenosine is not only known for its strong inhibition of platelets, but also for its tissue protective effects (preconditioning) in the chronic setting.
Ischemic preconditioning of tissue is thought to be caused by the accumulation of adenosine in the intercellular space. Pharmacologically, this cannot be achieved by infusion of adenosine, but has been demonstrated by microdialysis after treatment with extended-release dipyridamole.
Recently, the PRoFESS trial [15] has shown that under dipyridamole treatment, fewer new or worsening of heart failure patients have been observed. This confirmed earlier experimental and clinical data showing improved perfusion of ischemic tissue under dipyridamole unrelated to vasodilatation [16] . Initially, only vasodilatation was assumed to be of significant value [17] . Improved tissue perfusion without dilatation of large vessels or increasing perfusion pressure indicates that the microcirculation is protected and significant improvements in cardiac output and oxygen extraction and consumption has been reported in clinical studies with chronic dipyridamole therapy [18, 19] .
Besides these well-known properties, several more hidden beneficial effects of dipyridamole have recently become apparent ( fig. 2) . It is well known that following depravation of oxygen and nutrients, derailed energy pathways lead to the intensive intracellular formation of radicals. Most of the attention has been directed in the past toward scavenging of oxyradicals, which are water soluble. Potentially more dangerous, however, are lipid soluble peroxy radicals. Dipyridamole has been shown to be the most potent orally available scavenger of peroxy radicals, stronger than vitamin E.
In contrast to water-soluble oxyradicals, which propagate spherically within the cell and whose damaging density will therefore decline with distance from the source, lipid soluble peroxy radical species are confined to the lipids within the cell, i.e. intracellular membrane structures [20] . This also indicates that spatial concentration of peroxy radical species may be very high within lipid structures/membranes and therefore has a greater opportunity to interact and potentially damage transmembranal proteins. The significance of three-dimensional organizations within the cell given by intracellular membranes has become apparent in the past. With significant perturbation of membrane structures, the organization of interacting proteins within the cell become jeopardized and in many cases dysfunctional [20] . Maintaining the structure of membranes stabilizes those intracellular protein-protein interactions which require hydrophobic binding to membranes to maintain function. Scavenging peroxy radicals seems to protect tissue function after metabolic/oxidative stress [21] .
Inhibition of Thrombin Formation
Perturbation of membrane structures -particularly the exposure of negatively charged phospholipids towards the outside of the cell surface -is not only the early sign of cell apoptosis, but also will allow the formation of protein complexes such as the prothrombinase complex, accelerating the formation of thrombin. Dipyridamole reduces the number of binding sites for the prothrombinase complex in platelets presumably This amplifies the effect of NO which has been described to be elevated by statin treatment. Dipyridamole also inhibits the transmembranal nucleoside transporter, which has been associated with multidrug resistance.
by its peroxy radical scavenging properties [20, 21] . The number of prothrombinasebinding sites was found to be almost doubled in platelets showing limited or no inhibition by conventional platelet inhibitors. In vitro treatment of these platelets with dipyridamole reduced the number of annexin 5-binding sites (prothrombinase complex-binding sites) [22, 23] , suggesting that in platelets with highly disturbed membrane structures, excessive thrombin formation might override the inhibition by conventional platelet inhibitors, which might be corrected by simultaneous treatment with dipyridamole. This scavenging property is also assumed to be the reason for reducing the accumulation of fibrinogen/fibrin in in vivo studies following severe vessel wall damage by overstretching the artery by balloon angioplasty. The level of reduction of fibrinogen/fibrin accumulation at this site was found to be even higher when compared to therapeutic doses of heparin [24] . This was surprising as the treatment with dipyridamole did not change the clotting or platelet function tests ex vivo.
Inhibition of Smooth Muscle Cell Proliferation -Prevention of Restenosis
Mechanical damage to the wall of larger vessels such as during balloon angioplasty, surgical interventions, or stenting leads to reactive proliferation of smooth muscle cells in about 30% of the cases. Besides minimizing the trauma during intervention, only local application of cytostatic medication, such as coating of stents, has provided protection; however, there is the disadvantage of the endothelium of the vessel not being able to cover the stent and restore endogenous protection from thrombosis. It has been shown in vitro and experimentally in vivo that dipyridamole reversibly blocks smooth muscle cell proliferation after balloon angioplasty in animals. Later in a large multicenter clinical trial, it was shown that dipyridamole, when given in its present form of extended-release dipyridamole plus low doses of ASA (Aggrenox), does inhibit smooth muscle cell proliferation at the anastomosis of the dialysis shunt, and it was shown for the first time that pharmacological intervention can extend the unassisted life span of a newly implanted dialysis shunt [25] . A smaller clinical study showed that the addition of extended-release dipyridamole plus low-dose ASA (Aggrenox) on top of conventional platelet inhibition by a high dose of clopidogrel and ASA leads to the inhibition of restenosis after placement of uncoated stents in the carotid artery (personal communication from J. English).
Inhibiting Innate Inflammation
The most intriguing finding of the recent past has been dipyridamole's ability to reduce innate inflammation ( fig. 2) . It was found that dipyridamole directly inhibits the gene expression of MCP-1 and reduces the production of matrix metalloproteinase-9 [26] . Innate inflammation has been described as a common pathway of endothelial and vascular damage in patients with smoking habits, hypertension, or metabolic disease, and has been seen as responsible for the destruction of vessel wall structures as seen in stroke victims. Therefore, lowering innate inflammation has been viewed as important for preventing vessel wall disease and in particular dysfunction of small vessels and microcapillaries. This might also explain the reduction in new and worsening heart failure in a recent stroke trial (PRoFESS). This study confirmed an earlier pilot study of improvement of cardiac output and oxygen consumption measured during a 6-month treatment period by functional MRI [19] .
Conclusion
While dipyridamole in its early life was simplistically wrongly named a platelet inhibitor, we now know that dipyridamole is effective if sufficient plasma concentration can be maintained, such as with the modern formulation (Aggrenox), in many ways as an antithrombotic rather than an antiplatelet treatment.
Through its radical scavenging properties (which may be the explanation for the previous observation of improved tissue protection in organ transplantation), reduction of innate inflammation (hereby counteracting a well-accepted risk factor for vascular events), additivity to statin treatment by sustaining the NO production, inhibition of smooth muscle cell proliferation and prevention of restenosis, and indirect antithrombotic properties, dipyridamole seems to be able to help in many ways in patients with vascular or thromboembolic complications; however, by itself it will not be a sufficiently potent inhibitor of platelets to replace existing antiplatelet therapy in the acute setting. Much like in the prevention of stroke, dipyridamole has shown properties which might help patients in the chronic setting in addition to antiplatelet therapy. However, even though older literature has shown positive data, it needs to be studied in patients in today's clinical setting.
